A common design principle of network motifs is that transcription factors with short transcript's half-lives are significantly enriched in motifs and hubs. This enrichment becomes one of the driving forces for the emergence of the network scale-free topology and allows the network to quick adapt to environmental changes.
Gene regulatory networks are viewed as directed graphs, in which nodes represent transcription factors (TFs) and operons while the regulatory relationships are represented by edges. In these networks, three major kinds of motifs are observed: single input (SIM), bi-fan and feedforward loop (FFL) [1] [2] [3] (Figure 1 ). Network motifs can be seen as functional and structural units and the emergence of these motifs leads to the self-organization of the network [2, 4] . By selforganization we mean that without the addition of extra connections, the links already present in the motifs define an extensive network that includes the majority of nodes in the entire network.
We will illustrate this with the E. coli gene regulatory network using the known gene regulation data from a literature-mined database, RegulonDB [5] and other sources [6, 7] . An explanation of more network terms used in this paper is included in Supplementary Notes.
In a network, a subset of links forms the network backbone which maintains the interconnections (directly and indirectly) between most TFs and thus maintains the integrity of the network. Without these backbone links, the graph would be fragmented into a collection of islands of smaller networks. How important are the motifs for maintaining the integrity of the network? If we remove all the motif links from the E. coli gene regulatory network, the network falls apart into disconnected islands (Supplementary Figure 1) . Conversely, if we remove all links that are not part of motifs, we are left with a core network that preserves the backbone links (Supplementary Figure 1) .
It is known that bi-fans are essential to maintain the network backbone links [8] . We examined further whether other motifs are also essential for network integrity. Removal of all FFL links did not destroy network integrity, while removal of all SIM links resulted in network fragmentation as did removal of all bi-fan links (Supplementary Notes). This suggests that bi-fans or SIMs are able to self-organize to form networks. This triggers the question as to how the motifs self-organize to form a network.
The large ratio of genes to TFs in genomes results in self-organization of motifs
When two motifs contain the same TF or gene, they self-assemble, i.e., they automatically form a networked pair of motifs ( Supplementary Figures 2 and 3) . The large gene regulatory network arises from the self-organization of motifs that share common TFs or genes. We tested this concept by simulating 496 bi-fans by randomly sampling the E. coli genome pool containing 116
TFs and 321 operons (Supplementary Notes). This is the same number of bi-fans found in the original network. Without adding any extra links, the motifs self-organized into a network. The self-organization occurred because of the limited number of distinct TFs relative to the number of bi-fans constructed in the simulation. We find that if the number of randomly generated bifans is larger than or equal to the number of TFs used to generate the bi-fans, these bi-fans are able to self-organize to form a network (Supplementary Notes). This is the situation in cells, where one TF often regulates many target genes, while one gene is regulated by many TFs. All genomes encode a limited number of TFs but a large number of regulated genes. Therefore, it is common for a genome to have more bi-fans than TFs, consequently leading to the selforganization of motifs into a large network.
Aside from being self-organized, the E. coli gene regulatory network is also scalefree [1, 9] . Visually, scale-free networks are characterized by the presence of hubs in the network, i.e., nodes that are directly connected to a large number of other nodes. On the other hand, the randomly generated bi-fans, although they self-organize, do not form a scale-free topology due to the even distribution of TFs among the bi-fans. In the real gene regulatory network, the TFs in the bi-fans are very unevenly distributed. Randomization tests showed that the TF combinations in bi-fans are significantly different from chance expectation (Supplementary Notes). The same unevenness in TF pairs is also observed for the FFLs.
Preferential usage of short transcript half-life transcription factors in hubs and network motifs
The uneven TF combinations in FFLs and bi-fans are intriguing and it is tempting to speculate as to its origin. In an attempt to gain some insight into this, we first collected E. coli transcripts' half-lives from the Bernstein and coworkers [10] and mapped them onto the TFs in the network.
Among the 116 TFs in the network, 107 of them have THLs mapped. They range from 14.4 to 1.9 minutes with a median of 5.5 minutes. Taking 5.2 minutes or less as a short THL, we calculated the percentage of short THL TFs in FFLs and bi-fans. Surprisingly we found that 60.0% of the FFL and bi-fan TFs have short THL. In contrast, 43.0% of the TFs in the network have short THLs (Table 1) . Furthermore, 94.5% of the FFL TF pairs and 92.0% of the bi-fan TF pairs contain at least one short THL TF (Supplementary Tables 2 and 3 ). We also confirmed that this phenomenon is not by chance (Supplementary Notes). Extending this analysis to SIMs, we find about 70.0% of SIM TFs have short THLs (Table 1 ). These data show that there is a preferential selection of short THL TFs in SIMs, FFLs and bi-fans. This preferential selection will lead to an uneven numbers of target genes regulated by each TF and therefore become one of the driving forces to generate a scale-free network topology, i.e., it leads to the formation of hubs in the network. In fact, about 70.0% of hub nodes are TFs with short THLs (p < 0.05, Table   1 ). It has been previously reported that FFLs and bi-fans are naturally selected [11] . Here we find that short THL TFs become a selection trait in hubs and all the motifs (SIM, FFL and bi-fan).
Short THL TFs can alter their transcript concentrations quickly, which will facilitate the motifs' adaptation to rapid condition changes [12] . Short THL TFs also mitigate gene expression fluctuations, or internal noise [13, 14] , which can garble cell signals and corrupt circadian clocks [15] . Taken together, the network generated by self-organization of these motifs has evolved to be more robust and adaptable to the cellular condition changes. The preferential usage of short THF TFs in hubs, and network motifs allows gene expression to turn on and off quickly, which represents a common design principle of these motifs and the network. The frequent occurrence of FFL and bi-fan TF pairs containing one short THL TF can be seen as a criterion for self-organizing FFLs and bi-fans.
Motif and hub subtypes and their usages in different cellular conditions
To explore the relationship between the motifs and TF's THLs, we classified the motifs and hubs into 2 types based on the THLs of their TFs ( Table 2 ). The classification and the characteristics of these subtypes are discussed in Supplementary Notes. To get a dynamic view of the motif subtype usages in different cellular conditions, we reconstructed 3 sub-networks using 22 microarray experimental data of the E. coli grown in these conditions: logarithmic growth phase, diauxic shift and the stationary phase (Supplementary Notes). Table 2 summarizes the dynamic representation of the networks and the motif subtype usages. A more detailed discussion of the results is included in Supplementary Notes. Briefly, the frequencies of Type I FFLs in the three sub-networks are similar, suggesting that FFLs may be used as buffers to maintain some biological processes. Type I hubs, bi-fans and SIMs are favored by an active growth condition in which many biological processes are coordinated and quickly respond to the inducing conditions. On the other hand, the Type II bi-fans are favored by the cellular conditions such as the stationary and diauxic shift, which significantly reduce the level of the biosyntheses of DNA and protein and inhibit aerobic metabolism as reported previously.
Concluding remarks
In conclusion, the large ratio of genes to TFs in genomes leads to a sharing of TFs or genes by motifs and is sufficient to result in their self-organization. The enrichment of short THL TFs in motifs and hubs allows the network to quickly adapt to environmental changes, which represents a common design principle of the motifs. Furthermore, it becomes one of the driving forces for the emergence of the network scale-free topology. Most FFLs and bi-fans contain at least one short THL TF, which can be seen as another criterion for self-assembly of these motifs. We have classified the motifs according to their short THL TF content. We show that the percentage of the different motif subtypes is dependent on the cellular conditions. 
B. Terms in gene regulatory networks
We list some network terms in the context of gene regulatory networks. More detailed or expanded explanations of these terms can be found in these papers [5, 6] .
In gene regulatory networks:
node represents transcription factors (TFs) or genes/operons.
In-degree of a gene/operon represents the number of TFs which regulate the gene/operon; a higher in-degree of a gene/operon indicates that this gene is regulated by more TFs.
Out-degree of a TF represents the number of genes/operons which are regulated by the TF; a higher out-degree of a TF means that this TF regulates more genes/operons in the network.
Out-degree distribution of a gene regulatory network gives the probability that a selected TF can regulate the number of genes/operons.
Hub: in a gene regulatory network, there are a few high out-degree TFs that regulate many genes/operons, we called these TFs hubs. Normally hubs are global TFs.
Scale-free network: if the distribution of the out-degree or the in-degree of nodes in a network follows a power-law, we called the network scale-free network. In terms of biology, scale-free gene regulatory networks are characterized by the presence of a few hubs in the network, i.e., a few global TFs regulate many target genes. Visually, in networks, these global TFs (called hubs) are directly connected to a large number of other nodes (regulated genes/operons).
Clustering coefficient of a network measures the inter-regulations between TFs; a higher clustering coefficient tells more inter-regulations between TFs.
Network motifs are the statistically significant recurring regulatory structural patterns that are present in a real network in contrast to randomized networks. Three major motifs are found in gene regulatory networks: single input Module (SIM), bi-fan and feedforward loop (FFL). The SIM has one TF that regulates many target genes. The bi-fan has two
TFs that together regulate two target genes. The FFL has one TF that regulates a second TF and both directly regulate a target gene.
Network backbone in gene regulatory networks is a subset of links that maintain the interconnections (directly and indirectly) between most TFs and then maintains the integrity of the network.
Network formation by self-organization of network motifs: we mean that without the addition of extra connections, the links already present in the motifs define an extensive network that includes the majority of nodes in the entire network. This can be happen because when two motifs share TFs or target genes, these two motifs can be selfassembled together. In the target-removed networks, the ratios of the node number of the largest connected component to the resulting networks (fc in Supplementary Table 1 ) change significantly. The ratio is the highest in the static and target-FFL networks and the lowest in the target-all network. In contrast, the ratio in the randomly-removed network is higher than that of the target-all network. In the target-bi-fan and the target-SIM networks, the ratios are also low. The ratio (fc) is a measure of the connectivity of the network; a higher ratio in a network means that the network is largely connected. These results suggest that bi-fans and SIMs are essential to maintain the integrity of the network, however, FFLs are not. This is also consistent to this fact: the average of the out-degree of the TFs (k out in Supplementary Table 1 ) of all the networks follow a power-law, suggesting these networks are still scale-free networks; however, the out-degree distributions of TFs vary in the target-removed networks. In the target-SIM and the target-all networks, the ! values are higher than 3. When the ! value is greater than 3, most properties of the scale-free network are lost [5] . Therefore, targeted removal of the SIM links or all the motif links leads to the network collapse and the loss of the scale-free network properties.
F. Motifs are self-organized to form networks by sharing transcription factors or
operons. If two or more motifs contain the same TF or the same target gene, these motifs are self-organized or self-assembled. To illustrate the network formation by selforganizing motifs, we constructed 3 motif-based networks, FFL-network, SIM-network and bi-fan-network using FFLs, SIMs and bi-fans, respectively. Supplementary Figure 3 shows the graphs of these three networks and the sharing events of operons and TFs.
G. Self-organization of the randomly generated bi-fans. In the original network, there are 116 TFs and 321 operons. To construct randomized bi-fans, we randomly sampled the TFs and operons from a genome pool containing 116 TFs and 321 operons, while assuming TFs have in-and out-degrees and operons have in-degrees only. We randomly sampled 2 TFs (tf1 and tf2) and 2 operons (g1 and g2) at the same time, and then wired them in such a way that tf1 becomes connected to g1 (tf1"g1), tf1 to g2 (tf1"g2),
(tf2"g1) and tf2 to g2 (tf2"g2). In each simulation, we constructed 496 randomized bifans, the same number as in the original network.
Motifs are self-organized by sharing common TFs or target genes. When we put these randomized bi-fans together without adding any other links, they formed a random network with evenly distributed out-degrees for each TF. However, a scale-free topology was not found in these networks formed by randomized bi-fans. and FFLs, we first constructed randomized motifs. To construct randomized motifs, we used the same procedures described previously. We kept the number of randomized FFLs and bi-fans equal to those in the static network; this means that we constructed 58 FFL and 496 bi-fan randomized motifs in each test.
H. Mapping the transcript half-lives to the network

I. Subtypes of hubs and network motifs.
We first calculated the natural distribution rate of a TF combination pair in both motif types. We defined P tf1-tf2|motif as the natural distribution rate of a TF combination pair in a particular motif type, which is calculated as the percentage of motifs of that type containing the TF pair. We found that the distribution rates of the TF pairs in both motif types were not evenly distributed. To test the statistical evidence of the distribution rates of the TF pairs in FFLs or bi-fans, we defined P tf1-tf2|motif_random as the random distribution rate of a TF pair in a randomly constructed particular motif type, which is calculated as the percentage of randomly constructed motifs of that type containing the TF combination pair. We tested the null hypothesis P tf1-tf2|motif_random # P tf1-tf2|motif by performing 10000 resampling tests. When we performed the tests for FFLs, the order of two TF combinations was considered, for example, we distinguished these two situations in FFL circuits: (1) in one circuit, Gene A as the first TF that regulates Gene B, the second TF; (2) in another circuit, Gene B as the first TF that regulates Gene A, the second TF. When we performed the tests for bi-fans, the order of two TF combinations was ignored. All p values of the multiple tests were adjusted by the false discovery rate (FDR) method. We find that TF pairs are unevenly distributed in bi-fans and FFLs (p < random, we performed randomization tests. We used 2 sample spaces: in the first set of the tests, we used the total THL mapped TFs (107 TFs) in the static network as a sample space. To test the statistical significance of the sTHL TFs in bi-fans, we defined P tf1-tf2 as a fraction of TF combination pairs containing at least one sTHL TF and P tf1-tf2|decay_Rand as a fraction of the randomized TF combination pairs containing at least one sTHL TF, while ignoring the order of the 2 TFs. To construct the randomized TF combination pairs, we randomly sampled 2 TFs from the pool containing the 107 TFs, which were mapped with their THLs. We tested the null hypothesis P tf1-tf2|decay_Rand # P tf1-tf2 by performing 10000 times of resampling tests. In each test, we constructed 50 TF combination pairs.
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We rejected the hypothesis if the p < 0.05. We find that the TF combination pairs having at least one sTHL TF are not by chance (p < 10 -3
). The same procedure was applied to the tests for FFLs. We constructed 18 TF pairs in each test and a similar result was obtained.
In the second set of the tests, we used the THL mapped TFs which were found in either bi-fans or FFLs as a sample pool. In this set of the tests, we tested whether the observed fractions of the sTHL TFs in the TF pairs are due to the distributions of the TFs in the motifs. Particularly, we found that the sTHL TFs were enriched in bi-fans and FFLs, respectively (see the main text and Supplementary 
K4. Randomization tests for the distributions of Type I hubs and motifs (SIM, FFL
and bi-fan). Randomization tests based on the above definitions have been carried out.
The tests for Type I hubs and SIMs are described in Supplementary K3 and the results The first and the third columns represent the FFL's first and the second transcription factors, respectively. The second and the fourth columns list the transcript's half-lives for the transcription factors in the first and the second columns, respectively. One out of 18 transcription factor pairs (5.6%, marked by *) has both transcription factors with longer transcript half-lives. Four out of 18 transcription factor pairs (22.2%, marked by **) have the pattern that the transcript half-life of the first transcription factor is longer than the second one's. The first and the third columns represent two transcription factors that are present in bifans. The second and the fourth columns list the transcript half-lives for the transcription factors in the first and the second columns, respectively. Three out of 50 transcription factor pairs (6.0%, marked by *) have both transcription factors with longer transcript half-lives. In the first column, FFLs, bi-fans and sample spaces are listed. Pool 1 and Pool 2 represent the 2 sample spaces: the total transcript half-life (THL) mapped TFs (107 TFs) in the static network and the THL mapped TFs found in each motif, respectively. In the second column, the relation represents the transcript half-life (THL) relationships between a transcription factor (TF) pair. "TF1 or TF2 (short)" in FFLs indicates that the transcript half-life (THL) of either TF1 or TF2 is equal to or shorter than 5.2 min. "TF1 < TF2" in FFLs indicates that the first TF's THL is shorter than the second one's. In bifans, "Either TF (short)" indicates that the THL of either TFs is equal to or shorter than 5.2 min. "Both TFs (short)" indicates that the THLs of both TFs are equal to or shorter than 5.2 min. In the third column, the natural rate represents the observed fraction of the TF pair relation in TF pairs. In the fourth column, the random rate represents the fraction of the TF pair relation in the randomly sampled TF pairs. P value represents the probability. In the second column, a pair of the numbers is given; the first number represents the total transcription factors (TFs) in each component (hub, SIM, FFL and bi-fan); the second number represents the total TFs which are transcript half-life (THL) mapped in each component. In the third column, the natural rate represents the observed fraction of the TFs having short transcript half-lives (sTHLs) in the THL-mapped TFs. When a TF's THL is equal to or shorter than 5.2 min, we say this TF is a sTHL TF. In the fourth column, the random rate represents the fraction of the sTHL TFs in the randomly sampled TFs. P value represents the probability. 
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